Prickly pear cactus (Opuntia sp.) is a major plant genus in arid and semiarid lands, due to its abundance, valuable contribution to human diet and use in animal feed. It also has a role in desertification control. Physiological assays on Opuntia seedlings and comparison among species are limited due to the lack of germination and seedling development methodologies. The purpose of this research was to assess the seed germination and the speed of emergence in four species: O. engelmannii, O. microdasys, O. rastrera and O. megacantha, distributed around Coahuila's Southeastern region in Mexico. We used a completely random experimental design with 23 pre-germination treatments and 4 replications. Seeds of 16 treatments were sown in Peat Moss and Perlite; while the seeds of seven treatments were placed at in vitro culture. We monitored the emergence of seedlings during 23 days. We observed highly significant differences among species and treatments. O. engelmannii and O. microdasys seeds had germination percentages of 82.5% and 67.5%, respectively, by sanding then soaking in 3% hydrogen peroxide (H 2 O 2 ) for 24 hours; while O. rastrera reached a cumulative germination percentage of 72.5% with sanded seeds. O. megacantha had the highest germination percentage (100%) after soaking the seeds in 3% H 2 O 2 for 24 hours. Scarifying treatments for six days of incubation resulted in faster seed emergence in the four assessed species. The results show that the most effective methodologies for seed germination and seedling development in Opuntias are manual and chemical scarification, since scuffing the seed coat can interrupt dormancy.
Introduction
The Opuntia genus belongs to the Opuntioideae subfamily (Cactaceae). It is the most diverse genus with broad geographical distribution encompassing from Canada and North America to Chile and Argentina (Anderson, 2001; Wallace and Dickie, 2002; Britton and Rose, 1963) . Mexico is considered the richest source of this genus, where there is more than 93 wild species (Mandujano et al., 2002; Guzmán et al., 2003; Guzmán et al., 2007; Scheinvar, 2009) . Opuntia species are commonly called prickly pears cactus ("nopales"); succulent plants with the capacity of adaptation to high temperatures and lack of water. These plants are; therefore, some of the most important plant genetic resources in arid and semiarid regions (Bravo, 1978; Bravo and Scheinvar, 1995; Pinkava, 2002; Muñoz et al., 2008) . In Australia, Italy and South Africa there are naturalized Opuntia species, while in Africa, America, Asia and Europe there are plantations for the production of fruit, animal feed and dyestuff (Reyes Agüero et al., 2006; Sáenz et al., 2006) . Since 9000 years ago, human being has had a close relationship with Opuntia species that have become important biological, cultural, economic and social resources. At present, prickly pear cactus has more than 20 different uses, including food, medicine, feed, ornamental, fuel, and desertification control (Mandujano et al., 2001; Reyes-Agüero et al., 2005 , Sáenz et al., 2006 . Those species are part of the natural landscape and the agricultural systems in different regions of the world; and therefore, researchers are studying them to find new techniques that can help ensuring the genetic stock conservation, while promoting sustainable uses of this highly valuable resource for arid and semiarid regions. Nevertheless, the type of propagation sets limits to breeding research work, because it is asexual and it is the main scattering mechanism in wild populations (Mandujano et al., 2005) ; leaving aside sexual reproduction than maintains genetic variability, protects plants' scattering potential and it is essential for breeding (Reyes-Agüero et al., 2006) . The problem with sexual reproduction is that prickly pear cactus seeds have very hard seed coats, leading to dormancy and long germination periods. There is very little knowledge on the optimal germination conditions (Palleiro et al., 2006) . Dormancy is a type of survival mechanism resulting from physical, physiological, chemical or mechanical causes (Pérez et al., 2009; Heather et al., 2010; ISTA, 2012) . One of the main dormancy causes is the presence of hard water and gasproof seed coats impairing or delaying germination. This happens with Opuntia seeds that have physiological dormancy and require a ripening period to germinate (Monroy et al., 2017; Orozco et al., 2007) . Opuntia seeds are wrapped in a lignin-rich funicular layer that makes germination more difficult (Sánchez et al., 2015; Bregman and Bouman, 1983) . Mandujano et al. (1996) have noted that out of 600 prickly pear cactus seeds, just one produces a plant, while Delgado et al. (2013) observed that by establishing an experiment without any treatment, the germination percentage is almost zero. Therefore it is important to assess different treatments that can shorten the emergence time while increasing the emergence rate (Schütz et al., 2002; Thompson et al., 2003) . The few germination assays carried out on different species of Opuntia and the methods applied use mechanical and chemical scarification with acid or growth regulators that help breaking the seed coat and facilitate seedlings' emergence (Delgado et al., 2013) . It is necessary to standardize a methodology for every species. Therefore, this assay was aimed to assess the seed germination rate of four Opuntia species (O. engelmannii, O. megacantha, O. microdasys and O. rastrera) distributed in Northeastern Mexico to contribute the prickly pear cactus breeding programs and the development of new varieties demanded by growers; besides creating in situ and ex situ conservation strategies.
Results

Germination percentage
When doing a graphic comparison using a box diagram of the 23 assessed pre-germination treatments, we noticed differences in the total number of germinated seeds, finding from 0 to 100% germination rates, getting the best response from T 5 (Fig. 1) . The opposite happened when we compared the four assessed species, since we observed no evident differences. However, in O. megacantha and O. rastrera we found a higher GP, between 87 and 100%; while in O. engelmannii the GP was 82%; and O. microdasys was the species with the lowest GP of 67% (Table 1 , Fig. 2 ) Multiple comparisons of means proved that sanding and soaking seeds in 3% H 2 O 2 for 24 hours (T 5 ), results in an average germination percentage of 70%. Application of H 2 O 2 at 3% (T 2 ) or at 5% with mechanical scarification (T 6 ) resulted in average germination percentage of 60%. The in vitro soaking treatments with GA 3 at different concentrations resulted in average germination percentages lower than 30% (Fig. 3) . The multiple pairwise comparisons (Fig. 3) (Fig. 4) by conducting in vitro germination with only an MS culture medium without GA 3 . In O. microdasys, the most efficient treatment was T 5 : mechanical scarification (sanded seeds) plus chemical scarification (soaking in H 2 O 2 for 24 hours), leading to a GP of 67.5%. Chemical scarification by itself T 6 , also exhibited significant results, but the percentages were lower than 60%. Immersion in water at the boiling point for different times (T 7 , T 8 , T 9 , T 10 ); GA 3 at different concentrations (T 12 , T 13 , T 14 , T 15 , T 16 ) and no treatment at all (T 1 ) produced a GP lower than 25%. However, we can obtain 60% in vitro germination by applying MS at 50% plus GA 3 , at a concentration of 0.5 mg/L (T 20 ). The same trend was observed in O. engelmannii species, where T 5 resulted in a GP greater than 80%, opposite of what happened with the check test (T 1 ) and treatments T 10 , T 12 , T 13 , T 15 , T 16 , T 17 and T 20, where no positive responses were found, since GP was 0%. These observations indicate that water soaking at ambient temperature and GA 3 applied at 50, 100 and 200 ppm do not promote germination in this species; however, we can obtain a GP of 40% in vitro, with MS at 50% and GA 3 at a concentration of 0.5 mg/L (T 20 ). By treating O. megacantha seeds with mechanical scarification (T 2 ), we can obtain a GP of 100%; but just as it happens with O. mycrodasis and O. engelmannii, T 5 also produces good results; since mechanical scarification combined with chemical scarification resulted in a GP of 80%; in contrast with treatments T 12 to T 23 , where seeds did not germinate (Fig. 4) .
Emergence speed
In average, the seedlings started emerging six days after planting and they finally emerged after twenty days, with 0.15 seeds germinating every day. In the test check (T 1 ), emergence started on the fifth day and finished on day 17, with less than 20% germination. This result is contrasting versus the treatments resulting in positive GPs, from the four tested species (T 2 , T 5 and T 6 ), where emergence started on day 4 and day 5 and the rate kept growing, until obtaining 60 and 70% seedlings on day 18 and day 20 (Fig.  5) .
Discussion
Pre-germination treatments using mechanical scarification with sandpaper and chemical scarification with H 2 O 2 , promoted germination in O. megacantha, O. microdasys, O. rastrera and O. engelmannii, with GPs ranging from 67 to 100%. These species from arid regions have difficulties to germinate because their seeds suffer from severe water restrictions (Harper, 1997; Sánchez et al., 2010) and extreme temperature conditions. Due to their origin and the heatsensitive regime to which they are exposed, these species have hydrophobic compounds. Therefore, the effects of H 2 O 2 and sanding are the result of an increase in the permeability of the seed coat after scuffing the lignin-rich funicular layer, allowing the entrance of water required for the imbibition and gas exchange processes that are indispensable in germination (Chikumba et al., 2006) . On the other hand, sanding helped scuffing the seed coat. The seed coat requires 0.2 to 4.6 kN (López et al., 2015) ; or 1.59 -1.68 kN (Aguilar et al., 2003; Reyes-Agüero et al., 2005) to crack and allow the embryo to emerge easily (Orozco et al., 2007) ; while H 2 O 2 induces germination by producing hormonal changes (Barba et al., 2011) . Application of GA 3 in concentrations of 50, 100 and 200 ppm resulted in zero GP in all four species. These results coincide with the results obtained by Olvera (2001) and Mandujano et al. (2007) , who applied GA 3 at 200 ppm in two Opuntia species, without positive results. Therefore, we can assume that the use of gibberellins in concentrations ranging from 50 to 200 ppm do not interrupt dormancy and do not induce seed germination in Opuntia. Nevertheless, these plant hormones may work at lower concentrations and shorter times, since Sánchez (1997) applied 40 ppm, for 30 minutes to Opuntia joconostle seeds with positive results, while Olvera (2001) mentioned that seed germination in O. tomentosa did not increase by adding GA 3 at 1000 ppm. These results lead us to think that applying gibberellins on Opuntia seeds at high concentrations does not work. Although we know that GA 3 promotes germination by inducing a-amilase synthesis, the enzyme that helps breaking down starch reserves during germination. According to the reports, the effects of gibberellins on cacti are rather rare and widely diverse. Likewise, soaking treatments with hot water did not promote germination on the tested species. This is in contrary to the results obtained by Mondragón and Bordelon (2002) , who soaked O. ficus indica seeds in hot water, from 80°C to ambient temperature. The seeds were soaked for 24 hours, reaching an average germination percentage of 54%. However, it seems that a higher temperature (100°C) treatment applied to the seeds damaged the embryos, impairing germination and emergence. Those results coincide with Sánchez et al. (2016) , who observed that seeds of O. streptacantha dipped in hot water (98°C) for 20 seconds did not germinate. GPs response from the in vitro pre-germination treatment was also lower than the response obtained by applying mechanical and chemical scarification; since the GP arising from those treatments ranged from 0 to 60%, indicating that the addition of macro and micronutrients, as well as salicylic acid (SA) and GA 3 , did not have any effect on germination. This might be because seeds require chemical and mechanical scarification to promote germination. Furthermore, it is possible to establish sanded seeds to promote seedling emergence. According to the results herein, we recommend sanding O. engelmannii and O. microdasys seeds followed by soaking in H 2 O 2 at low concentrations (3%), because higher peroxide levels lead to lower germination rates. On the contrary, O. rastrera required a 5% concentration of H 2 O 2 to reach GPs greater than 80%; while O. megacantha only requires 3% H 2 O 2 for 24 hrs to obtain high GPs, up to 100%. It is important to apply pre-germination scarification treatments to Opuntia species to obtain high GPs due to their seed coat hardness. Otherwise, the germination rate will be zero, as occurred in control, yielding 0 to 15% GPs. These results agree with Delgado et al. (2013) reports, where the germination rate of untreated prickly pear cactus seeds was almost zero.
Emergence speed
The emergence speed increased in the best treatments, where germination started 5 and 6 days after planting in the 4 tested species. Therefore, the methods based on mechanical-chemical scarification help accelerating germination, considered slow and reduced in Opuntia species. We estimate that seeds from this genus take in average 13 days to start germinating. Mondragon and Bordelon (2002) obtained similar results when testing seeds from different Mexican prickly pear cactus clones, where germination starts between 7 and 10 days after planting, and need enough time to reach the maximum percentage at 32 to 86 days. The same occurred when assessing seeds of O. streptacantha, obtaining the highest percentage of emerged seedlings after 34 days (Sánchez et al., 2016) . The opposite results were observed in this assay, where we obtained the highest GP at 20 days. Based on these results, we can say that mechanical and chemical scarification is the most effective treatment, reaching a higher germination percentage in a short time, unlike the other treatments, including the check test.
Materials and Methods
Plant materials
During the months of July-September 2016, the field trips were carried out to collect ripen fruits of four Opuntia species. One of those species is half-domesticated (O. megacantha,) and three of them are wild (O. engelmannii, O. microdasys and O. rastrera). We toured four municipalities located in Coahuila's southeastern region (Arteaga, General Cepeda, Ramos Arizpe and Saltillo). The collection regions were between 25° 02.406' a 25° 50.657' North latitude and 100° 00.646' a 101° 57.720' West longitude, in altitudes ranging from 930 to 2464 meters above sea level (Table 2, Fig. 6 ).
Seed collection
In order to obtain the seeds after collecting the fruits, we cleaned and peeled them off in the laboratory. We mixed the pulp in a blender with the blades covered by tape, to avoid breaking the seed coat. We filtered the blend using a regular strainer and we washed it several times to clean all the pulp stuck on the seeds until the last trace. We dried the seeds on felt paper for 72 hours at mean ambient temperature of 25°C to avoid mold growth during storage. We kept the seeds inside brown paper bags at 25°C until using them (Fig. 7) . We sorted out the seeds visually, eliminating smaller, paler, abortive and malformed seeds; leaving only fully developed seeds, with no apparent damage. Before starting the experiment, we dipped the Sanded seed + Hydrogen peroxide (H 2 O 2 ) at 5% for 24 hrs T 7
Water soaking at 100°C for 10 seconds T 8
Water soaking at 100°C for 5 seconds T 9
Water soaking at 100°C until reaching ambient temperature T 10 Water soaking for 24 hours T 11
Water soaking for 24 hrs + 50 ppm of gibberellic acid (GA 3 ) T 12 Water soaking for 24 hrs + 100 ppm of gibberellic acid (GA 3 ) T 13 Water soaking for 24 hrs+200 ppm of gibberellic acid (GA 3 ) T 14 Water soaking for 48 hrs+50 ppm of gibberellic acid (GA 3 ) T 15 Water soaking for 48 hrs+100 ppm of gibberellic acid (GA 3 ) T 16 Water soaking for 48 hrs+200 ppm of gibberellic acid (GA 3 ) seeds in a glass with water to ensure that there were no hollow seeds (López et al., 2015) .
Germination trials
For pre-germination, the seeds were handled with 23 treatments, including the control, which was established in perlite and peat moss substrate without pre-treatment. Two of those treatments included chemical scarification through hydrogen peroxide, one with physical scarification through sanding, and two with a combination of the two types. For 16 treatments the substrate was peat moss and perlite in a 1:1 ratio, whereas seven were established at an in vitro culture medium (Table 3 and 4) , under dark and controlled temperature conditions. The dark condition was used because preliminary trials showed that seeds exposed to light take longer to germinate. The experimental layout was a completely randomized factorial design with two factors: treatments and species, with four replications for combination and ten seeds per replication. The number of combinations was 92, with a total of 368 entries.
Mechanical scarification:
This process was carried out by hand scuffing of seed coat with fine grain sandpaper, trying to avoid damaging the internal tissue.
Chemical scarification: We submerged tested seeds in a hydrogen peroxide dissolution (H 2 O 2 ) at a concentration of 3 and 5 % for 24 hours, before rinsing them with distilled water to eliminate the excess of H 2 O 2 .
Hydration (water soaking):
We placed the seeds inside a flask with 300 mL of water at the boiling point (100°C) for 10 and 5 seconds, until reaching ambient temperature (25°C). The seeds were also soaked in water at ambient temperature for 24 hours.
Seed establishment in a substrate
In treatments one to sixteen, we planted the seeds in peat moss + perlite substrate in a 1:1 ratio (Table 2) , inside flat polypropylene germination trays. We planted the seeds at a depth twice the seeds' diameter. We saturated the seeds with water before covering them with plastic to keep them wet. We placed the trays inside a Lumistell IEC-41 germination stove under dark and temperature controlled conditions (25±1 o C).
Seed establishment in vitro
From treatment sixteen to treatment twenty-three we used an in vitro substrate (Table 3 ) and we disinfected the seeds before planting, following Villavicencio et al.
protocol. We placed the seeds inside 70 mL Gerber® flasks, with 25 mL of MS culture medium (Murashige & Skoog, 1962) . We assessed them every day during 24 days and we considered them germinated as soon as they emerged from the substrate (Kester et al., 2001 ).
Statistical analysis
We assessed the following variables: germination percentage (GP) and speed of emergence (VE). To assess the treatment effects on germination response, we first performed plot-based exploratory analyses, with the use of bar, box and interaction plots. Since the number of germinated seeds is a counting variable, which may be unsuited for the classic analysis of variance, we applied linear generalized models for proportion data with categorical explanatory factors, as recommended by Crawley (2007) . First, a generalized model with a binomial distribution was fitted, including an over-dispersion test. Since the over-dispersion index was above 1.5, the final generalized model was based on the quasibinomial distribution. The multiple comparisons were performed with the Tukey test. All the analyses were performed with the language and environment for statistical computing R (R Core Team, 2017), and its package multcomp.
Conclusion
With these results, we can confirm that Opuntia seeds of the four tested species coming from arid environments show endogenous dormancy with hard seed coats, as part of their adaptation, diversification and survival mechanisms. Such dormancy can be broken with scarification, producing up to 100% germination. There have been very few research studies focusing on Opuntia's seed germination rates and they have resulted in GPs lower than the GPs reported here. Therefore, these results are promissing, especially for breeding purposes; vis-à-vis the fact that the reproduction system of species determines their genetic structure. These results can also promote the creation of germplasm banks that can preserve the genetic stock of natural populations. These efforts would ensure genetic heterogeneity leading to greater variability and stronger adaptation to different environments, as well as to seed propagation of wild species, for management purposes.
